Acropyga ants are a widespread clade of small subterranean formicines that live in obligate symbiotic associations with root mealybugs. We generated a data set of 944 loci of ultraconserved elements (UCEs) to reconstruct the phylogeny of 41 representatives of 23 Acropyga species using both concatenation and species-tree approaches. We investigated the biogeographic history of the genus through divergence dating analyses and ancestral range reconstructions. We also explored the evolution of the Acropyga-mealybug mutualism using ancestral state reconstruction methods. We recovered a highly supported species phylogeny for Acropyga with both concatenation and species-tree analyses. The age for crown-group Acropyga is estimated to be around 30 Ma. The geographic origin of the genus remains uncertain, although phylogenetic affinities within the subfamily Formicinae point to a Paleotropical ancestor. Two main Acropyga lineages are recovered with mutually exclusive distributions in the Old World and New World. Within the Old World clade, a Palearctic and African lineage is suggested as sister to the remaining species. Ancestral state reconstructions indicate that Old World species have diversified mainly in close association with xenococcines from the genus Eumyrmococcus, although present-day associations also involve other mealybug genera. In contrast, New World Acropyga predominantly evolved with Neochavesia until a recent (10-15 Ma) switch to rhizoecid mealybug partners (genus Rhizoecus). The striking mandibular variation in Acropyga evolved most likely from a 5-toothed ancestor. Our results provide an initial evolutionary framework for extended investigations of potential coevolutionary interactions between these ants and their mealybug partners.
Introduction
Acropyga ants are best known for their obligate relationship with root mealybugs (Rhizoecidae, following Hodgson, 2012) , on which they evidently depend on completely for food through the production of honeydew by the mealybugs (Schneider and LaPolla, 2011; Williams, 1998) . These small subterranean formicine ants occupy leaf litter, soil and rotten wood throughout most of the world's tropics. Worker ants display a range of morphological adaptations probably associated with their subterranean lifestyle, such as a yellow, thin cuticle covered by a thick layer of pubescence, short scapes with reduced antennal segmentation, and very small eyes (Bünzli, 1935; LaPolla, 2004; Weber, 1944) . The relationship of Acropyga with their symbionts is maintained by alate queens vertically transmitting mealybugs among nests during their mating flights, a unique behavior among herding ants that LaPolla et al. (2002) termed trophophoresy. An alate ant queen will select a mealybug, grasping it between her mandibles while she flies and mates. The individual mealybug carried by the queen serves as a seed individual for the new colony of mealybugs that will be tended by the offspring of the queen (LaPolla, 2004; Williams, 1998) . Not surprisingly, trophophoresy is rarely observed, with only a handful of anecdotal observations of mating swarms (Brown, 1945; Bünzli, 1935; Buschinger et al., 1987; Eberhard, 1978; Prins, 1982) . In the few cases that mealybugs carried by the queens have been examined, these were always adult gravid females (LaPolla and Spearman, 2007; Smith et al., 2007; Taylor, 1992; Terayama, 1988; Williams and LaPolla, 2004) .
The mealybug family Rhizoecidae associated with Acropyga consists of two subfamilies: the Xenococcinae, all of which are obligately associated with Acropyga, and the Rhizoecinae, of which only a few are obligately associated with Acropyga. This trophobi-otic association has great potential in becoming a model system for the study of symbiosis in general and specifically in the evolution of ant agriculture. Ant agriculture can be broken into two broad categories: fungus-growers and herders (Ivens, 2015) . While there have been many studies on the fungus-growing ants (e.g. Hölldobler and Wilson, 2011; Mehdiabadi and Schultz, 2010) , remarkably few have addressed ants that herd scale insects (Coccoidea) and aphids (Aphidoidea). The study of herder ants offers the opportunity to investigate the evolution and maintenance of an animal-to-animal mutualistic symbiosis. Trophophoresy in this system results in vertical transmission of mealybugs across ant generations, providing the possibility that at least some degree of cospeciation has occurred between the two participants, as found in other insect-symbiont systems (e.g. Degnan et al., 2004; Kikuchi et al., 2009) .
Such tight mutualistic associations over evolutionary time could also lead to morphological adaptation in one or both partners (Shingleton et al., 2005) . In Acropyga, one of the most intriguing morphological characteristics is the extraordinary variability observed in the mandibles. Fig. 1A -F depicts a range of Acropyga mandible forms, demonstrating the variation seen in mandibular teeth count (from 3 to 9 teeth) and the overall shape of the mandible (from triangular to more elongate and curved). Few ant genera display such a range in mandibular form. In the predatory dacetine ants, for example, a similarly large range of mandible variation has been linked to specialization to the type of prey these ants capture (Bolton, 2000) . Given that both Acropyga workers and queens extensively manipulate the mealybugs with their mandibles, it seems likely that this mandibular variation plays an important role in this symbiotic relationship.
Previous phylogenetic studies on Acropyga ants were either based on morphological data alone (LaPolla, 2004) , or on very few molecular markers . The latter study also suffered from limited taxon sampling, as its main objective was to confirm the monophyly and position of Acropyga within formicines. A recently published study, focused on Papua New Guinean Acropyga species and a population genetic analysis of A. acutiventris (Janda et al., 2016) , was also based on few genetic markers. To improve our understanding of Acropyga evolutionary relationships world-wide, we used phylogenomic methods based on ultraconserved elements (UCEs) to reconstruct a robust species-level phylogeny of the genus. UCEs are a group of molecular markers increasingly used in phylogenomic studies (Crawford et al., 2015; Faircloth et al., 2012; Smith et al., 2014) , and have been successfully employed for higher-level systematics of ants and other Hymenoptera (Blaimer et al., 2015; Faircloth et al., 2015) . The UCE method represents a targeted enrichment phylogenomic approach in which highly conserved orthologous fragments can be captured and sequenced from the genomes of distantly related taxa. While ultraconserved core regions of UCEs remain preserved across broad evolutionary distances, these are flanked by more variable regions, thereby rendering these markers also useful for species-level studies (Smith et al., 2013) .
We use this target-capture and multiplexed sequencing approach to obtain 944 UCE loci for 23 species of Acropyga ants. We analyze these data using a traditional concatenation approach, as well as recently developed statistical binning and species tree methods. We also estimate a time-calibrated phylogeny using a subset of 100 UCE loci and use these results to investigate the biogeographic history of Acropyga by reconstructing ancestral biogeographic ranges. To explore hypotheses about the evolution of the mutualism of Acropyga ants with rhizoecid mealybugs, we correlate mealybug associations with our phylogeny and investigate mandibular tooth count as a trait potentially under selection in this partnership.
Materials and methods

Taxon sampling
Our data set comprised 41 Acropyga specimens representing 23 of 40 currently valid species. We further included nine closely related Formicinae outgroup taxa from a recent UCE phylogeny for that subfamily (Blaimer et al., 2015) . One Acropyga specimen could not be confidently identified to species level, representing either one of the very closely related species A. decedens or A. goeldii. We treat this species with uncertain identity as a combination from the two species under consideration (A. decedens/goeldii). All specimens included in this study were collected in accordance with local regulations and all necessary permits were obtained. Voucher specimens have been deposited at the National Museum of Natural History (USNM collection; see Table S1 for specimen identifiers and collection data).
Molecular data collection
DNA was extracted destructively or non-destructively (specimen retained after extraction) from worker ants or pupae using a DNeasy Blood and TissueKit (Qiagen, Valencia, CA, USA). We quantified DNA for each sample using a Qubit fluorometer (High sensitivity kit, Life Technologies, Inc.) and sheared 1.8-245 ng (91 ng mean) DNA to a target size of approximately 500-600 bp by sonication (Q800, Qsonica LLC.), and used this sheared DNA as input for a modified genomic DNA library preparation protocol following Faircloth et al. (2015;  but see supplementary methods). We enriched each pool using a set of 2749 custom-designed probes (MYcroarray, Inc.) targeting 1510 UCE loci in Hymenoptera (see Faircloth et al., 2015) . We followed library enrichment procedures for the MYcroarray MYBaits kit (Blumenstiel et al., 2010) , except we used a 0.1Â concentration of the standard MYBaits concentration, and added 0.7 lL of 500 lM custom blocking oligos designed against our custom sequence tags. We used the with-bead approach for PCR recovery of enriched libraries as described in Faircloth et al. (2015) . Following post-enrichment PCR, we purified resulting reactions using 1.0Â speedbeads and rehydrated the enriched pools in 22 lL Elution Buffer.
We quantified post-enrichment library concentration with qPCR using a SYBR Ò FAST qPCR kit (Kapa Biosystems) on a ViiA TM 7 (Life Technologies), and based on the size-adjusted concentrations estimated by qPCR, we pooled libraries at equimolar concentrations and size-selected for 250-800 with a BluePippin (SageScience). The pooled libraries were sequenced using two partial lanes of a 150-bp paired-end Illumina HiSeq 2500 run (U Cornell Genomics Facility). Quality-trimmed sequence reads generated as part of this study are available under submission SRP069792 from the NCBI Sequence Read Archive (www.ncbi. nlm.nih.gov/sra/SRP069792). A detailed description of molecular methods can be found in the supplementary methods.
Processing and alignment of UCE data
We trimmed the demultiplexed FASTQ data output for adapter contamination and low-quality bases using Illumiprocessor, (Faircloth, 2013: http://dx.doi.org/10.6079/J9ILL), based on the package Trimmomatic (Bolger et al., 2014) . All further data processing relied on the PHYLUCE package (Faircloth, 2016 ; but see also Faircloth et al., 2012) ; a detailed description of this pipeline and its scripts can be found in the supplementary methods.
We computed summary statistics on the data and assembled the cleaned reads using Trinity (version trinityrnaseq_r20140717) (Grabherr et al., 2011) . To identify contigs representing enriched UCE loci from each species, species-specific contig assemblies were aligned to a FASTA file of all enrichment baits (min_coverage = 50, min_identity = 80), and sequence coverage statistics (avg, min, max) for contigs containing UCE loci were calculated. We created FASTA files for each UCE locus containing sequence data for taxa present at that particular locus and aligned these using MAFFT (Katoh et al., 2009) (min-length = 20, no-trim) . We trimmed our alignments using Gblocks (Castresana, 2000) with relaxed settings. We selected a subset of UCE alignments for further analyses that had 70% taxon completeness for each locus (P35 of 50 taxa), thus retaining 944 UCE loci.
Phylogenetic inference
We selected data partitions using a development version of PartitionFinder (Frandsen et al., 2015) that depends on the software fast_TIGER (http://dx.doi.org/10.5281/zenodo.12914) and is designed to handle large genome-scale data sets. The UCE data set was analyzed with Maximum Likelihood (ML) best tree and bootstrap searches (N = 100) in RAxML v8.0.3 (Stamatakis, 2006) . We also reconstructed gene trees for the 944 UCE loci by performing RAxML analyses (best tree and 200 bootstraps) on individual loci. Based on calculations of average bootstrap support for each gene tree in R (scripts by M. Borowiec available at https:// github.com/marekborowiec/metazoan_phylogenomics/blob/master/gene_stats.R) we filtered these data to a subset of 100 loci with the highest average bootstrap score across all nodes in the gene tree (''UCE-100-best"), to use in dating analyses. We also selected two sets of 100 loci randomly to test against potential bias in the UCE-100-best data set. We further performed weighted statistical binning following Bayzid et al. (2015) on the full data of 944 UCE loci. This approach uses bootstrap-supported gene trees estimated from every locus in a data set to assign these loci into bins by assessing whether gene trees have conflicting or compatible branches (Bayzid et al., 2015) . We used a support threshold of 50, above which branches of a tree are considered reliable (versus being present due to estimation error). After bin assignment, we concatenated all loci assigned to one bin into 'supergene alignments' (N = 209) and estimated bootstrap trees from these supergenes using RAxML. For bins with only one assigned locus (N = 525), we retained previously estimated gene trees. Species tree analyses with multilocus bootstrapping (Seo, 2008) (N = 200) were then performed in ASTRAL-II using 525 gene and 209 supergene trees. We performed this analysis both with and without the ''species map" option, which is used to assign multiple individuals of the same species to one taxon. All of the above phylogenetic analyses were performed on the Smithsonian Institution high performance cluster (SI/HPC), or on an iMac desktop computer. Data matrices as well as tree files are deposited in the Dryad data repository (http://www.datadryad.org) with the http://dx.doi.org/10.5061/dryad.f4857.
Dating analyses and ancestral range reconstructions
We inferred divergence dates within Acropyga from a reduced 25-taxa set (one representative of each 23 species and the two most closely related outgroups) and a subset of ''100-best" UCE loci (as described above), with the program BEAST v1.8 (Drummond et al., 2012) , run via the SI/HPC. Analyses incorporated data partitioning (using models of sequence evolution GTR+I+G and GTR+I for nine subsets as estimated by PartitionFinder) and consisted of four runs each, with a chain length of 162-182 million generations. We employed a Yule tree prior and defined calibration priors on three nodes in the phylogeny (see Table 1 ). We tested whether these priors actually resulted in the desired posterior distributions on the respective nodes, by also performing the analysis without data, sampling Table 1 Calibration points used for dating analyses in BEAST. Calibration priors were defined by using results (median height and 95% HPD intervals) estimated in a comprehensive analysis of the subfamily Formicinae (Blaimer et al., 2015) , and by incorporating fossil information (LaPolla, 2005 To evaluate the biogeographic history of the genus, we constructed a species distribution matrix for Acropyga (see Table S2 ). We used the resulting set of trees and the respective MCC tree from our BEAST analysis on the UCE-100-best data set to estimate ancestral ranges with the statistical dispersal-extinction-cladogenesis model (S-DEC, ''Bayes-Lagrange", (Beaulieu et al., 2013) ) implemented in the program RASP (Yu et al., 2015) . We optimized estimations over a set of 1000 trees, randomly chosen from the set of 55,793 trees. As recommended by the authors of RASP (Yu et al., 2015) and practiced in other studies (e.g. Federman et al., 2015; Economo et al., 2015) , outgroups were removed from the sample of MCC input trees before the analyses. We designated seven biogeographic areas (Neotropical, Nearctic, Palearctic, Afrotropical, Oriental, Indo-Australian and Australasian, sensu Bolton (1995) ) and defined dispersal constraints based on the level of connectivity between these landmasses (see Table S3 ). The maximum number of possible areas for each state was set = 3 and we included all possible range combinations in the analysis. We incorporated missing biogeographic range information from one species absent from our phylogeny, A. palearctica, which is distributed in southern Europe. Based on the morphology of male genitalia, this species is sister to A. arnoldi (LaPolla, 2006) , and we therefore coded the African A. arnoldi as Afrotropical + Palearctic (see Table S2 ). We did not include range information from any other species absent from our phylogeny because these were consistent with the ranges and relationships of the represented taxa.
Trait analyses
We investigated mandible evolution and associations of Acropyga species with mealybugs by inferring ancestral state reconstructions. We created a trait matrix (Table S2) , scoring all 23 Acropyga species for (1) mandibular tooth count and (2) generic associations with mealybugs (following Schneider and LaPolla, 2011) . Character data for the individual with uncertain identity represented a combination from the two species under consideration (A. decedens and A. goeldii), as we strongly assume these to be sister taxa. We used the rayDISC function in the R package corHMM (https://www.R-project.org/) which can analyze multivariate, polymorphic traits. Ancestral state reconstructions were hereby performed under the equal rates model (ER, one transition rate), the symmetric model (SYM, forward and reverse transition have the same rate) and the 'all rates different' model (ARD) on the time-calibrated tree by BEAST (100-best tree). We compared the fit of these models to the evolution of each of the three characters by performing a likelihood ratio test on the resulting -ln L scores (1-pchisq(D À ln L, df)). We also performed these analyses while excluding data from the species with uncertain identity (A. decedens/goeldii).
Results
UCE capture results
Multiplexed sequencing of UCEs resulted in an average of 1.4 million reads per sample (see Table S4 ) with an average length of 315 base pairs (bp). An average of 18,226 contigs with a mean length of 375.7 bp were assembled by Trinity after adapter-and quality-trimming, with an average coverage of 19.7Â. From all of the assembled contigs, we recovered an average of 945 UCE loci per sample with a mean length of 884 bp. The average coverage per captured UCE locus was 88.5Â. Concatenation of the 944 loci (UCE-944) and the UCE-100-best subset generated matrices with a length of 733,400 bp and 91,396 bp respectively, whereas the two randomly chosen subsets had a length of 72,091 bp (random-1) and 80,443 bp (random-2).
Phylogeny
PartitionFinder divided our complete UCE-944 data set into 21 data subsets, and our UCE-100-best data set into nine data subsets; the random-1 and random-2 subsets were divided into 13 and 17 partitions, respectively. Phylogenetic results from partitioned ML bootstrap and best tree searches on the concatenated UCE-944 data set are depicted in Fig. 2 . We recovered a highly resolved phylogeny for the genus Acropyga with most nodes displaying 100% bootstrap support. Only five nodes were recovered with a bootstrap score (BS) lower than BS = 96, mainly involving intraspecific relationships within A. acutiventris. The base of Acropyga consists of two well-supported clades. One of these clades comprises species only occurring in the New World (e.g., A. epedana, A. donisthorpei), whereas the other one includes exclusively species from the Old World (e.g., A. acutiventris, A. arnoldi) (Fig. 2) . Our analyses further indicate a distinct Palearctic/African lineage within the Old World Acropyga (including A. silvestrii, A. arnoldi, and an undescribed species) as sister to the remainder of the Old World species from the Oriental, Indo-Australian and Australian regions.
Statistical weighted binning partitioned our 944 UCE gene trees into 733 bins: 525 bins of one locus, 208 bins of two loci, and one bin of three loci. The species tree estimated by ASTRAL-II from these 733 gene and supergene trees is very similar to the tree estimated in the concatenated analysis, with most nodes showing 100% bootstrap support (Fig. 3 ). This analysis maps individuals to their respective species and thus depicts only interspecific relationships. The two interspecific nodes with low support in the concatenated analysis also receive lowered support in the species tree analysis, although BS values are slightly improved (concatenated: BS = 59 and BS = 53, species tree: BS = 68 and BS = 77; see Fig. 3 ).
Biogeographic history
We performed Bayesian inference on our UCE-100-best data set using BEAST. The resulting phylogenetic tree is highly supported and similar to the one estimated from the concatenated and species tree approaches analyzing the full UCE-944 data set, with two exceptions (Fig. 4 and Table 2 ). First, BEAST recovered A. silvestrii as sister to the undescribed Acropyga species (posterior probability [PP] = 0.97), and second, the position of A. myops differs between these analyses, although with poor support in each.
Our dating analyses estimate a median age for the genus Acropyga of ca. 30 Ma (node 45, Table 2 and Fig. 4) . The biogeographic origin of the genus remains uncertain, with a fairly widespread ancestor inhabiting the Neotropical, Palearctic and IndoAustralian regions receiving highest probability (Table 2, see also  Table S5 ). Estimated crown-group ages for the Old World and New World clades are very similar, with 28.4 Ma and 27.8 Ma, respectively (node 33 and 44, Table 2 and Fig. 4 ). Ancestral distribution for the New World clade is unambiguously reconstructed as Neotropical, whereas the most recent common ancestor (MRCA) of the Old World clade is estimated to have had a distribution throughout the Palearctic and Indo-Australian region (but with only 57.5% PP, node 33, see Table 2 ). Most of the species diversification in Acropyga appears to have occurred between ca. 8-20 Ma (Figs. 4 and S1). Age estimations based on BEAST analyses on the two random sets of 100 UCE loci were similar (<2 Ma difference) and confirmed the results presented above, although lower support values and some weakly-supported topological changes were recovered for one of these subsets. These additional results are detailed in Table S5 and Fig. S2 .
Trait evolution
We found the 'equal rates' (ER) model to be best-fitting to both mandible and mealybug association in Acropyga, as logLikelihood values were not significantly worse than those estimated for the more complex SYM and ARD models (Table 3) . We thus show ancestral states as reconstructed under the ER model ( Fig. 5 and Table 4 ). Excluding versus including the 'hybrid' taxon A. decedens/goeldii did not have an effect on results. We reconstructed the possession of five mandibular teeth as the ancestral state in Acropyga (70% probability). The mealybug genus Neochavesia is suggested as ancestral mutualist partner of Acropyga, but with only slightly higher probability than the genus Eumyrmococcus (node 45, 0.46 vs 0.41, respectively; Tables 4 and S6 ). Throughout the evolution of Old World Acropyga (node 33, Fig. 5 ), associations with Eumyrmococcus and a mandibular structure with five teeth seem to have been retained, and present the most probable ancestral state for all species. In New World Acrogyga (node 44), our results show a reduction in mandibular teeth count in the lineage subtended by node 41 (Fig. 5) , whereas the five-toothed state is retained in the lineage including A. panamensis, A. donisthorpei and A. ayanganna (node 43). The New World Acropyga further probably evolved in close association with mealybugs from the genus Neochavesia, until a more recent switch occurred to a mutualistic association with the genus Rhizoecus.
Discussion
Phylogenetic relationships of Acropyga ants
Both our concatenated and species tree analyses recovered a fully resolved and mostly highly supported phylogeny for Acropyga ants. On the species level these analyses estimated identical topologies (Figs. 2 and 3) . Uncertainty is confined only to two nodes in the phylogeny with BS < 100, for which the BEAST topology (based on 100 UCE loci) also showed different results. Perhaps the most striking novel result in our study is the strong support for a sister group relationship of separate New World and Old World Acropyga clades, which has not been recovered in previous analyses (LaPolla, 2004; LaPolla et al., 2006) . Based on a morphological phylogeny of 25 Acropyga species LaPolla (2004), had already suggested a close association of all Neotropical taxa, but was not able to recover monophyly for these. Relationships of the Old World taxa further remained unresolved in this study (LaPolla, 2004) , except for a suggested sister group relationship of A. arnoldi with the rest of Acropyga -although it is important to note that because that study was based largely on male genitalic structures A. paleartica and A. silvestrii (for which males were unknown at the time) were not included in the analysis. In contrast, our analyses found A. arnoldi to be part of a lineage sister to the remaining Old World species. Overall, our results broadly correspond with LaPolla's Fig. 3 . Acropyga species tree. Bootstrapped species tree estimated with ASTRAL-II, after statistical weighted binning of the 944 UCE loci. The analysis required all taxa to be assigned to one respective species. Red colored support values indicate bootstrap support as estimated in the concatenated analysis (see Fig. 2 ). The tree is rooted with Brachymyrmex_sp_ACR53. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 4 . Time-calibrated phylogeny depicting biogeographic history of Acropyga. Maximum clade credibility tree summarized from 55,793 trees as estimated with the UCE-100-best data set under a relaxed-clock model and three calibration priors (see Table 1 ). Node numbers refer to Tables 2 and S5. Ancestral ranges estimated by RASP under the S-DEC model are mapped onto respective nodes. A = Neotropical, B = Nearctic, C = Afrotropical, D = Oriental, E = Indo-Australian, F = Australasian, G = Palearctic. All but the two most closely related outgroup taxa were removed for BEAST analysis, and all outgroups were removed for biogeographic analysis.
(2004) eight species-groups for the genus, but here we were able to significantly advance understanding of deeper level relationships. However, we observed little agreement of our phylogenomic analysis with the study on Papua New Guinean Acropyga by Janda et al. (2016) , which included seven species that were also analyzed in our data set. For example, in our analyses A. acutiventris grouped as sister to the clade (A. myops (A. butteli (A. pallida, A. ambigua))) (see Figs. 2-4) , whereas Janda et al. (2016) recovered A. pallida as sister to A. acutiventris (although with low support), and a clade containing A. lauta and A. ambigua was supported to be the sister clade of the two. Another disagreement between ours and their study is that Janda et al. (2016) estimated A. arnoldi to be sister to two New World species, A. epedana and A. donisthorpei, and not to be part of a lineage sister to all the remaining Old World taxa, as was recovered in our analyses. We attribute these differences to limited gene and taxon sampling in the Janda et al. (2016) analyses, as this study was based only on four gene fragments and very few non-Melanesian Acropyga species.
Biogeographic history
Robust resolution of relationships between major Acropyga lineages, in combination with divergence age estimates, have shed substantial light on the biogeographic history of the genus. We estimated a crown-group age of 30 Ma for Acropyga, which corresponds well with an estimate for the group obtained in a larger Table 2 Results of dating analyses and ancestral range reconstructions. Posterior probabilities (PP), median ages, 95% HPD age intervals as estimated by BEAST on the UCE-100-best data set, as well as the most probable biogeographic range and its probability for each node of the phylogeny as reconstructed by RASP. Node numbers correspond to Fig. 4 . A = Neotropical, B = Nearctic, C = Afrotropical, D = Oriental, E = Indo-Australian, F = Australasian, G = Palearctic. study on formicine ant evolution and biogeographic history (Blaimer et al., 2015) , and is also consistent with the absence of the genus from Baltic amber. This Oligocene MRCA of Acropyga was reconstructed with a widespread Old World and New World distribution (Palearctic, Indo-Australian and Neotropical) in our analysis, followed by a subsequent divergence between Old World and New World Acropyga only a few million years later. Our knowledge of morphology and likely relationships of the remaining Acropyga species absent from our phylogeny also supports this early fundamental biogeographic split. We have sampled broadly across all biogeographic regions, and all of the species absent from the present investigation occupy ranges similar to their closest relatives -with the exception of A. palearctica, for which we included this complementary distribution in our analyses. Nonetheless, the rapid early diversification of Acropyga into two main biogeographic clades is somewhat surprising, given that previous studies considered Acropyga ants to be very poor dispersers based on its cryptobiotic lifestyle and suggested the genus may be of Gondwanan origin (LaPolla, 2004) . However, this hypothesis predated most of our current knowledge on the timescale of ant evolution (Brady et al., 2006; Moreau and Bell, 2013; Moreau et al., 2006; Ward et al., 2015) , and other examples of recently evolved ant genera that have succeeded in attaining widespread distributions have been revealed. For example, the hyperdiverse and globally distributed genus Camponotus may also be of a fairly recent Oligocene or Miocene origin (23-27 Ma Blaimer et al., 2015) . The acrobat ants (genus Crematogaster) evolved in the Eocene, but most of their diversification and global dispersal also occurred in the Oligocene and Miocene (Blaimer, 2012) . In contrast, Polyrhachis, the spiny ants, are of a similar age as Crematogaster ($40 Ma Mezger and Moreau, 2016) , but never dispersed to the New World. In comparison with the small, soil-nesting Acropyga ants, however, all of the above genera represent species-rich and conspicuous groups of ants. Janda et al. (2016) estimated a younger crown-group age for Acropyga at around 20 Ma. Beyond the aforementioned limitations in ingroup sampling, the younger estimate in their study may have been heavily influenced by a calibration on the root node, which is defined in their analysis as the split between the outgroup taxon Anoplolepis and Acropyga. The genus Anoplolepis was recovered as the sister to the remainder of the plagiolepidine clade in a larger analysis on the subfamily Formicinae, diverging from this clade (including Acropyga) $74 Ma (Blaimer et al., 2015) . This subfamily-wide analysis had not yet been available at the time their study was carried out, and Janda et al. (2016) calibrated the divergence of Acropyga with the former using a normal distribution with a mean of 45 Ma, which could plausibly explain their younger age estimates.
In a larger biogeographic study of the subfamily Formicinae, the clade Plagiolepidini, which Acropyga was found to be part of, has a predominantly Paleotropical distribution (Blaimer et al., 2015) . Despite our inconclusive range reconstructions in the present study, we therefore suggest that ancestral Acropyga, too, may have evolved in the Old World tropics. Two alternative biogeographic scenarios could further explain the subsequent early split between the New World and Old World Acropyga clade and the current distribution of the genus. For one, a single dispersal event from the Old World to the New World between 28 and 30 Ma may have led to the present biogeographic distribution of the two main Acropyga lineages. Alternatively, it is possible that paleoclimatic changes have generated the distribution of the two main lineages without the need for long-distance dispersal. A warm-temperate climate prevailing in the Eocene throughout the Holarctic and Palearctic (Scotese, 2002) could have allowed one or several widespread ancestral Acropyga species to exist in these regions, where cold climate presently prevents the occurrence of the genus.
Starting in the late Eocene and Oligocene, progressive climate cooling led to shrinking of warm-temperate and tropical habitats, which in turn possibly mediated vicariance of widespread ancestral representatives of Acropyga, thereby creating the present separation of lineages in the New World and Old World tropics. A similar scenario has been proposed for some groups of plants (Davis et al., 2002; Erkens et al., 2009 ), but would require an Eocene ancestor of Acropyga to migrate between the Palearctic and the Holarctic via a North Atlantic landbridge (McKenna, 1983) .
Fossil evidence that could help to distinguish between either of these scenarios is sparse. The only known Acropyga fossil, A. glaesaria, occurs in 15-20 Ma old Dominican amber and would fit with either an early dispersal or a vicariant, ancestral presence of the genus in the New World. Morphologically, however, this fossil species presents a conundrum since it shows more similarities with the extant Old World Acropyga fauna (LaPolla, 2005) , and could represent indeed an ancestral, once widespread lineage.
Evolution of Acropyga -root mealybug associations
Comparison of our Acropyga phylogeny with phylogenetic information from their xenococcine mealybug mutualists (Schneider and LaPolla, 2011) provides insights into the evolution of trophobiosis between these two groups. The morphological phylogeny from Schneider and LaPolla (2011) supported four major xenococcine groups, although relationships among these groups remained unresolved (Fig. 6) . Intriguing patterns of relationships between the ants and mealybugs have emerged in our analyses, although a formal cospeciation analysis will need to await further study from both groups. For one, the biogeographic variation of this association is to date poorly studied, and this may have had an effect on results presented in our study. For many species only few records of associated mealybugs are available, thus estimates of fidelity of both partners are difficult. For species where many samples are available across a broad geographic range, however, remarkable fidelity of ant-mealybug associations has been found -for example, only two species of Xenococcus mealybugs live in association with A. acutiventris (LaPolla, 2004) , a species that ranges from India, extending throughout insular southeast Asia and northern Australia. Thus, although our discussion of association patterns in the following must be viewed as somewhat preliminary, we intend to provide a first, basic framework for further analyses.
The early split of Acropyga into Old and New World clades is consistent with the recovery of a New World mealybug clade, Neochavesia, the only xenococcines associated with Acropyga in this bioregion (Fig. 6 ). Our analyses indicate that Acropyga in the New World almost certainly evolved tending Neochavesia, only to later switch to other rhizoecines such as Rhizoecus around 10-15 million years ago (Fig. 5) . Outside of the Xenococcinae, Acropyga appear to most commonly enter into mutualistic relationships with Rhizoecus mealybugs. Rhizoecus is a large genus of root mealybugs (122 spp. listed on the Encyclopedia of Life website (www.eol.org), including the likely synonym Ripersiella (Hodgson, 2012) ) and the species associated with Acropyga need further study. Association with Rhizoecus occurs in several New World Acropyga species (A. decedens, A. epedana, A. exsanguis, A. goeldii, and A. dubitata), and in one species, A. epedana, trophophoresy has also been observed (Smith et al., 2007; Williams and LaPolla, 2004) . There is also at least one association with Rhizoecus in the Old World, with an A. silvestrii nest found with an undescribed Rhizoecus species in Tanzania (Fig. 5) .
Clearly there have been some major switches in symbiont partners by Acropyga, perhaps best exemplified by A. myops. This species is associated with Acropygorthezia williamsi, the only nonRhizoecidae utilized by Acropyga. The switch to an entirely different family of scale insects (Ortheziidae) is also interesting because Acropygorthezia williamsi show a number of novel morphological adaptations compared to all other ortheziids, that are almost certainly adaptations for living with Acropyga ants (LaPolla et al., 2008) . However, it is important to note that while several Acropyga species have been reported as associated with more than one xenococcine species, sometimes even belonging to different genera (Fig. 5) , no individual Acropyga nest to date has ever been found with more than one mealybugs species inside.
Eurmyrmococcus mealybugs were not recovered as monophyletic by Schneider and LaPolla (2011) , with the scorpioides species-group falling outside of the genus (Fig. 6) . Interestingly, this group of species is associated with A. arnoldi (and A. paleartica, which was not included in this study as noted above, but is likely the sister to A. arnoldi) (nodes 24 & 25; Fig. 5 ), which belongs to the Afrotropical/western Palearctic clade. Within the remainder of the Old World clade, no clear pattern is evident on lineage-specific associations of Acropyga and mealybugs (Fig. 5) . Reconstruction of the mealybug group at the origin of this association (the base of Acropyga) also remains equivocal, with nearly the same probability for either Eumyrmococcus or Neochavesia.
The diversity of mandibular forms found in Acropyga (Fig. 1 ) seems likely be a product of its close association with scale insects, although how this affects their trophobiotic relationship is unclear at this time. Our results indicate that five mandibular teeth were the ancestral condition for Acropyga, and this is largely retained in Old World species. But beyond tooth number, the shape of the mandible and the size of teeth can change rather dramatically (Fig. 1) . So, while many Old World species retain a broad mandible, there is a trend among New World species for not only reduction in teeth number, but also for the mandible to become thinner, with a large space forming between the inner mandibular margin and the anterior clypeal margin (e.g., Fig. 1E ). This is also accompanied by a lengthening of the mandibular teeth, most notably the apical tooth. The Old World butteli species-group is notable because species in this clade have a large, rectangular basal tooth. This same basal tooth character state is seen convergently in A. panamensis and in A. tricuspis (although in this species, the basal tooth has three distinct cuspids associated with it) in the New World. The sole fossil Acropyga species known (A. glaesaria, from New World Dominican amber) does not shed more light on mandibular evolution in Acropyga. On the contrary the queens were found to have eight teeth, a much higher number than seen in any extant New World Acropyga. However, only four fossil queens were available for examination and the mandibles were not fully visible in all of these. Thus it remains possible that this fossil species showed more variation in tooth count (as for example seen in the extant A. arnoldi and A. silvestrii) than was observed. In any case, our results call for a closer examination of a possible correlation between mandible variation and mealybug partners in Acropyga.
Conclusions
Our phylogenomic UCE data robustly resolved the species-level phylogeny for Acropyga ants. We observed virtually no differences in phylogenetic inference between our concatenated analysis and the species-tree approach, suggesting absence of conflict between gene trees. We found strong evidence for a fundamental Old World -New World split in Acropyga and independent diversification of these two main lineages since the late Oligocene (after $28 Ma). The origin of Acropyga remained uncertain in our biogeographic analysis, but an Old World ancestor for Acropyga may be likely given the close phylogenetic relationship of the genus with exclusively Paleotropical taxa in the tribe Plagiolepidini.
Although our study goes some way toward establishing broad patterns of Acropyga/mealybug associations, it also highlights the need for additional field studies and targeted collections of the ants in association with their mealybugs, data required to fully assess the patterns that have started to emerge here. Mealybug associations in some Acropyga species are currently based on very few collections, while mutualist information for other species is completely lacking. Our results also suggest that another fruitful direction for research is the functional morphology of Acropyga mandibular variation as it relates to mealybug associations. These additional biological data could in turn inform detailed phylogenies of both partners, which would be required for stringent tests of codiversification. Here, we demonstrate that UCE data provide a robust phylogenomic source for the ants, and similar types of data could also be applied to the mealybugs in the future.
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Supplementary laboratory and bioinformatics protocols
Molecular data collection DNA was extracted destructively or non-destructively (specimen retained after extraction) from worker ants or pupae using a DNeasy Blood and TissueKit (Qiagen, Valencia, CA, USA). We quantified DNA for each sample using a Qubit fluorometer (High sensitivity kit, Life Technologies, Inc.) and sheared 1.8-245 ng (91 ng mean) DNA to a target size of approximately 500-600 bp by sonication (Q800, Qsonica LLC.). The sheared DNA was used as input for a modified genomic DNA library preparation protocol (Kapa Hyper Prep Library Kit, Kapa Biosystems) that incorporated "with-bead" cleanup steps (Fisher et al. 2011 ) and a generic SPRI substitute (Rohland and Reich 2012, "speedbeads" hereafter), as described by . We used TruSeq-style adapters during adapter ligation (Faircloth and Glenn 2012) , and PCR amplified 50% of the resulting library volume (15 µL) using a reaction mix of 25 µL HiFi HotStart polymerase (Kapa Biosystems), 2.5 µL each of Illumina TruSeq-style i5 and i7 primers (5 µM each) and 5 µL double-distilled water (ddH20). We used the following thermal protocol: 98 ºC for 45 s; 13 cycles of 98 ºC for 15 s, 65 ºC for 30 s, 72 ºC for 60 s, and final extension at 72 ºC for 5 m. After rehydrating (in 23µL pH 8 Elution Buffer (EB hereafter)) and purifying reactions using 1.0X speedbeads, we combined groups of eight libraries at equimolar ratios into enrichment pools having final concentrations of 74-156 ng/µL.
We enriched each pool using a set of 2749 custom-designed probes (MYcroarray, Inc.) targeting 1510 UCE loci in Hymenoptera (see Faircloth et al. 2015) . We followed library enrichment procedures for the MYcroarray MYBaits kit (Blumenstiel et al. 2010 ), except we used a 0.1X concentration of the standard MYBaits concentration, and added 0.7 µL of 500 µM custom blocking oligos designed against our custom sequence tags. We ran the hybridization reaction for 24 h at 65 °C, subsequently bound all pools to streptavidin beads (MyOne C1; Life Technologies), and washed bound libraries according to a standard target enrichment protocol (Blumenstiel et al. 2010) . We used the with-bead approach for PCR recovery of enriched libraries as described in Faircloth et al. (Faircloth et al. 2015) . We combined 15 µL of streptavidin bead-bound, enriched library with 25 µL HiFi HotStart Taq (Kapa Biosystems), 5 µL of Illumina TruSeq primer mix (5 µM each) and 5 µL of ddH2O. We ran post-enrichment PCR using the following thermal profile: 98 °C for 45 s; 18 cycles of 98 °C for 15 s, 60 °C for 30 s, 72 °C for 60 s; and a final extension of 72 °C for 5 m. We purified resulting reactions using 1.0X speedbeads, and we rehydrated the enriched pools in 22 µL EB. We quantified 2 µL of each enriched pool using a Qubit fluorometer (broad range kit).
Enrichment was verified by amplifying seven UCE loci (for primers see Faircloth et al. 2015) targeted by the probe set. We set up a relative qPCR by amplifying two replicates of 1 ng of enriched DNA from each library at all seven loci and comparing those results to two replicates of 1 ng unenriched DNA for each library at all seven loci. We quantified post-enrichment library concentration with qPCR using a SYBR 
Processing and alignment of UCE data
We trimmed the demultiplexed FASTQ data output for adapter contamination and low-quality bases using Illumiprocessor (Faircloth, 2013: http://dx.doi.org/10.6079/J9ILL), based on the package Trimmomatic (Bolger et al. 2014) . All further data processing described in the following relied on scripts within the PHYLUCE package (Faircloth et al. (in press) ; but see also (Faircloth et al. 2012) ). We computed summary statistics on the data using the get_fastq_stats.py script, and assembled the cleaned reads using the assemblo_trinity.py wrapper around the program Trinity (version trinityrnaseq_r20140717) (Grabherr et al. 2011) . Average sequencing coverage across assembled contigs was calculated using get_trinity_coverage.py.
To identify assembled contigs representing enriched UCE loci from each species, species-specific contig assemblies were aligned to a FASTA file of all enrichment baits using match_contigs_to_probes.py. (min_coverage=50, min_identity=80), and sequence coverage statistics (avg, min, max) for contigs containing UCE loci were calculated using get_trinity_coverage_for_uce_loci.py. Subsequently, we used get_match_counts.py to query the 4 relational database containing matched probes created in the previous step, in order to generate a list of UCE loci shared across all taxa. This list of UCE loci was then used in the get_fastas_from_match_counts.py script to create FASTA files for each UCE locus, which contain sequence data for taxa present at that particular locus. We aligned all data in all these FASTA files using MAFFT (Katoh et al. 2009 ) through seqcap_align_2.py (min-length=20, notrim). Following alignment, we further trimmed our alignments using a wrapper script (get_gblocks_trimmed_alignment_from _untrimmed.py) for Gblocks (Castresana 2000) using the following settings: b1=0.5, b2=0.5, b3=12, b4=7. We selected a subset of UCE alignments for further analyses that had 70% taxon completeness for each locus (> 35 of 50 taxa), using get_only_loci_with_min_taxa.py and thus retaining 944 UCE loci. We added missing data designators to each file with add_missing_data_designators.py, and generated alignment statistics across all alignments using get_align_summary_data.py. Finally, we concatenated individual alignments of UCE loci for each subset into one nexus alignment file with format_nexus_files_for_raxml.py for subsequent phylogenetic analyses. 
